Early after entry into monocytes, macrophages, dendritic cells, and resting CD4 T cells, HIV encounters a block, limiting reverse transcription (RT) of the incoming viral RNA genome. In this context, dNTP triphosphohydrolase SAM domain and HD domain-containing protein 1 (SAMHD1) has been identified as a restriction factor, lowering the concentration of dNTP substrates to limit RT. The accessory lentiviral protein X (Vpx) proteins from the major simian immunodeficiency virus of rhesus macaque, sooty mangabey, and HIV-2 (SIVsmm/ SIVmac/HIV-2) lineage packaged into virions target SAMHD1 for proteasomal degradation, increase intracellular dNTP pools, and facilitate HIV cDNA synthesis. We find that virion-packaged Vpx proteins from a second SIV lineage, SIV of red-capped mangabeys or mandrills (SIVrcm/mnd-2), increased HIV infection in resting CD4 T cells, but not in macrophages, and, unexpectedly, acted in the absence of SAMHD1 degradation, dNTP pool elevation, or changes in SAMHD1 phosphorylation. Vpx rcm/mnd-2 virion incorporation resulted in a dramatic increase of HIV-1 RT intermediates and viral cDNA in infected resting CD4 T cells. These analyses also revealed a barrier limiting HIV-1 infection of resting CD4 T cells at the level of nuclear import. Single amino acid changes in the SAMHD1-degrading Vpx mac239 allowed it to enhance early postentry steps in a Vpx rcm/mnd-2-like fashion. Moreover, Vpx enhanced HIV-1 infection of SAMHD1-deficient resting CD4 T cells of a patient with AicardiGoutières syndrome. These results indicate that Vpx, in addition to SAMHD1, overcomes a previously unappreciated restriction for lentiviruses at the level of RT that acts independently of dNTP concentrations and is specific to resting CD4 T cells.
Early after entry into monocytes, macrophages, dendritic cells, and resting CD4 T cells, HIV encounters a block, limiting reverse transcription (RT) of the incoming viral RNA genome. In this context, dNTP triphosphohydrolase SAM domain and HD domain-containing protein 1 (SAMHD1) has been identified as a restriction factor, lowering the concentration of dNTP substrates to limit RT. The accessory lentiviral protein X (Vpx) proteins from the major simian immunodeficiency virus of rhesus macaque, sooty mangabey, and HIV-2 (SIVsmm/ SIVmac/HIV-2) lineage packaged into virions target SAMHD1 for proteasomal degradation, increase intracellular dNTP pools, and facilitate HIV cDNA synthesis. We find that virion-packaged Vpx proteins from a second SIV lineage, SIV of red-capped mangabeys or mandrills (SIVrcm/mnd-2), increased HIV infection in resting CD4 T cells, but not in macrophages, and, unexpectedly, acted in the absence of SAMHD1 degradation, dNTP pool elevation, or changes in SAMHD1 phosphorylation. Vpx rcm/mnd-2 virion incorporation resulted in a dramatic increase of HIV-1 RT intermediates and viral cDNA in infected resting CD4 T cells. These analyses also revealed a barrier limiting HIV-1 infection of resting CD4 T cells at the level of nuclear import. Single amino acid changes in the SAMHD1-degrading Vpx mac239 allowed it to enhance early postentry steps in a Vpx rcm/mnd-2-like fashion. Moreover, Vpx enhanced HIV-1 infection of SAMHD1-deficient resting CD4 T cells of a patient with AicardiGoutières syndrome. These results indicate that Vpx, in addition to SAMHD1, overcomes a previously unappreciated restriction for lentiviruses at the level of RT that acts independently of dNTP concentrations and is specific to resting CD4 T cells.
HIV | restriction factors | resting CD4 T cells | SAMHD1 | Vpx H IV-1 replication is restricted at different postentry steps in myeloid cells and resting CD4 T cells (1-7). A major barrier was consistently mapped at the level of reverse transcription (RT), where early, but not late RT products could be detected in infected cells (6, (8) (9) (10) . Supplying the accessory lentiviral protein X (Vpx) in trans or in cis to HIV-infected monocytes, monocytederived dendritic cells, monocyte-derived macrophages (MDMs), or resting CD4 T cells boosted reverse transcription and allowed progression of the replication cycle in these primary target cells (2, 3, (11) (12) (13) (14) (15) . SAM domain and HD domaincontaining protein 1 (SAMHD1), a deoxynucleotide triphosphohydrolase (16) , was identified as a target of Vpx (17, 18) . SAMHD1 depletes dNTP pools, which prevents reverse transcription, leading to a block to early steps of HIV-1 infection in myeloid cells (19) . Vpx proteins of the simian immunodeficiency virus of rhesus macaque, sooty mangabey, and HIV-2 (SIVmac/SIVsmm/ HIV-2, respectively) lineage of primate lentiviruses antagonize SAMHD1 by targeting it for proteasomal degradation. Vpx directly binds to SAMHD1 and simultaneously to the DNA damage-binding protein 1 and Cullin-4A-associated factor 1 (DCAF1) substrate receptor of the cullin 4-RING ubiquitin ligase (CRL4) E3 ubiquitin ligase (CRL4 DCAF1 ), thereby loading SAMHD1 onto this E3 complex for polyubiquitylation and subsequent degradation (17, 18) .
Vpx also enhances HIV infection of resting CD4 T cells and infection enhancement by Vpx correlates with SAMHD1 depletion and a concomitant increase in cellular dNTP levels (11, 12) . Notably, these studies had exclusively analyzed Vpx proteins of the SIVsmm/SIVmac/HIV-2 lineage. In the current work we find that Vpx proteins from the second Vpx + lentiviral lineage, represented by SIVrcm and SIVmnd-2, are also able to enhance HIV-1 infection of resting CD4 T cells, but in a SAMHD1-independent manner that is uncoupled from alterations in cellular dNTP levels. Our results
Significance
HIV infection can be restricted by different host cell proteins. One such restriction factor is SAM domain and HD domaincontaining protein 1 (SAMHD1), a triphosphohydrolase that cleaves dNTPs, which are required for HIV reverse transcription. The accessory lentiviral protein X (Vpx) from simian immunodeficiency viruses (SIV) of sooty mangabeys and rhesus macaques or from HIV-2 degrade SAMHD1. Here we show that Vpx proteins from SIVs of red-capped mangabeys and mandrills enhance HIV infection of resting CD4 T cells, but not macrophages, without affecting levels of either SAMHD1 or dNTPs. These Vpx proteins overcome a previously unrecognized SAMHD1-independent, cell-type-specific restriction at the level of reverse transcription and highlight the plasticity of lentiviruses to counteract the innate immune system.
indicate that virion-incorporated Vpx can enhance infection of resting CD4 T cells by overcoming a previously unrecognized block to early RT.
Results
Vpx Proteins of the SIVrcm/mnd-2 Lineage Enhance HIV-1 Infection of Resting CD4 T Cells Without Degrading SAMHD1, Changing Its Phosphorylation or Elevating dNTP Pools. To assess the evolutionary breadth of the ability of Vpx to increase HIV-1 infection in resting CD4 T cells, we screened Vpx variants derived from HIV-2, SIVsmm, SIVmac, SIVmnd-2, and SIVrcm (Fig. 1A) (11, 20) . Replication-competent, NL4-3-based HIV-1 reporter viruses encoding for GFP as a marker for early gene expression from integrated HIV and capable of trans-packaging tagged Vpx proteins via a Vpx-interaction motif in Gag p6 [referred to as CXCR-4 tropic (X4) HIV-1*GFP] (11) were produced (Fig. S1) .
Resting CD4 T cells purified from peripheral blood of healthy donors were challenged with these X4 HIV-1* reporter viruses and, 3 d later, analyzed for GFP expression and intracellular SAMHD1 levels by flow cytometry. Whereas these CD25/CD69 − CD4 T cells were largely refractory to infection with X4 HIV-1*GFP (<0.5% GFP + cells), infection levels with all Vpx-carrying reporter viruses were increased (Fig. 1B) . The magnitude of infection enhancement varied from 60-fold for the SIVmac239 Vpx, as previously reported (11) , to 8-to 54-fold for SIVmnd-2 Vpx and SIVrcm Vpx, respectively (Fig. 1B) . In contrast, all these Vpx proteins only mildly enhanced HIV-1 infection of activated CD4 T cells (Fig. S2A) .
As reported previously (11) , exposure to X4 HIV-1*GFP with packaged Vpx from SIVmac239 resulted in a massive depletion of SAMHD1 in a considerable fraction of resting CD4 T cells, and GFP expression was detected almost exclusively within this SAMHD1 low population (Fig. 1C , Lower Right quadrant). Whereas incorporated Vpx proteins from the other lentiviral lineage, SIVmnd-2 and SIVrcm, also increased infection efficiencies of X4 HIV-1*GFP ( Fig. 1 B and C) , surprisingly, SAMHD1 levels were not reduced by these two Vpx alleles relative to control infections lacking Vpx (no Vpx), and GFP + cells were observed in the SAMHD1 high population (Fig. 1C) . Kinetic analyses in resting CD4 T cells challenged with X4 HIV-1*GFP carrying SIVmac239 Vpx confirmed that SAMHD1 levels declined within hours after viral challenge and remained at a reduced level for at least 3 d (Fig. S2B  and ref. 11 ). In contrast, virion-incorporated Vpx mnd-2 or Vpx rcm did not affect SAMHD1 levels throughout the experiment (Fig.  S2B) , excluding transient depletion of the enzyme by these alleles as a potential mode of action. Notably, whereas ectopic expression of Vpx mac239 WT, but not the CRL4 DCAF1 interaction-deficient mutant Q76A, increased cellular dTTP concentrations to levels comparable to those in activated CD4 T cells, expression of Vpx mnd-2 or Vpx rcm did not affect the dTTP pool (Fig. 1D) . These results suggest that the Vpx-mediated enhancement of HIV infection in this cell type can be mechanistically uncoupled from both SAMHD1 degradation and dNTPase activity.
Immunoblots of Vpx-expressing resting CD4 T cells confirmed that Vpx mnd-2 and Vpx rcm, in contrast to Vpx mac239, do not deplete SAMHD1 (Fig. 1E) , consistent with our flow cytometrybased infection assays. Phosphorylation of SAMHD1 at threonine 592 (pSAMHD1-T592) correlates with a loss of its HIV-restrictive capacity (21, 22) . Reprobing the immunoblot with an affinitypurified, T592 phosphosite-specific polyclonal rabbit antiserum (23) provided no evidence for an induction of this inactivating phosphorylation by any of the Vpx alleles, whereas cycling THP-1 cells displayed strong antibody reactivity (Fig. 1E) . Moreover, no changes in overall SAMHD1 phosphorylation were induced by either Vpx mnd-2, Vpx rcm, or Vpx mac239 (Fig. 1F ) and the CD4 T cells challenged with HIV-1 particles containing Vpx rcm or Vpx mnd-2 did not display increased levels of activation ( Fig.  S3 A-C) . Together, these results show that Vpx proteins from the second Vpx + lentiviral lineage, SIVrcm/mnd-2, overcome a postentry restriction for HIV-1 in resting CD4 T cells in the absence of SAMHD1 degradation, dNTP pool elevation, changes in SAMHD1 phosphorylation, or T-cell activation.
SIVrcm/mnd-2 Vpx Proteins Drastically Enhance Levels of Early Reverse Transcription Products. To gain insight into the mechanism by which Vpx mnd-2 and Vpx rcm facilitate X4 HIV-1*GFP infection, we determined the abundance of six different RT products, from firststrand transfer to full-length HIV-1 cDNA, using diagnostic qPCRs (see schematic representation in Fig. S4 ). In addition, GFP expression and 2 long-terminal repeat (2-LTR) circles, the latter a surrogate of completion of RT and successful nuclear entry, were quantified. Consistent with previous reports (6, 11, 12) , challenge of resting CD4 T cells with X4 HIV-1 particles lacking Vpx gave rise to only low levels of early RT products, but late RT products, 2-LTR circles, and early gene expression above background could not be detected ( Fig. 2 A-E, no Vpx, n = 10 donors). Virion-incorporated Vpx mac239 increased levels of early HIV-1 RT products ∼14-fold, relative to control cells and late RT products accumulated. Surprisingly, virion incorporation of Vpx mnd-2 or Vpx rcm elevated the abundance of early and late HIV-1 RT products in infected resting CD4 T cells to an even greater extent than Vpx mac239, ranging between 218-and 7,373-fold ( Fig. 2 A-C) . Of note, both levels of 2-LTR circles and percentage of GFP + cells were similar for all three X4 HIV-1*GFP infections (Fig. 2 D and E) irrespective of the incorporated Vpx allele and apparent differences in levels of total HIV-1 cDNA (Fig. 2C) . Thus, virion-incorporated Vpx rcm/mnd-2 that do not degrade SAMHD1 are highly effective in enhancing HIV-1 RT and the synthesis of full-length HIV-1 cDNA in infected quiescent CD4 T cells. A subsequent leveling of 2-LTR circle concentrations (orange bars in Fig. 2A ) is suggestive of an additional barrier to nuclear import that likely limits the extent of downstream infection enhancement. were not statistically significant, Fig. 2G ), failed to enhance levels of RT products (Fig. 2I ), or dNTP pools (Fig. 2J) , and, importantly, did not render these myeloid target cells permissive to HIV-1 infection (Fig. 2H ). These results confirm that Vpx proteins from the Vpx rcm/mnd-2 lineage are unable to overcome the likely SAMHD1-imposed restriction in myeloid cells (2, 24) and highlight a pronounced cell-type-dependent effect of Vpx alleles on HIV-1*GFP susceptibility.
To further probe the importance of the dNTP pool as a ratelimiting factor for infection in primary HIV target cells, we added pyrimidine and purine deoxynucleosides (dNs) as metabolic precursors to the culture medium to artificially increase intracellular dNTP concentrations (11, 19, 25) . In both MDMs and resting CD4 T cells, dN treatment elevated infection levels of HIV-1*GFP, in the absence of Vpx (no Vpx), by 19-and 6-fold, respectively ( Fig. 3 A and B) , consistent with previous findings (11, 26) . Although virion-incorporated Vpx alleles from the two major lentiviral lineages had either an enhancing (SIVmac) or no direct (SIVrcm, SIVmnd-2) effect on dNTP levels in resting CD4 T cells (Fig. 1E) , none of their infection-enhancing activities was boosted by additional dN treatment (Fig. 3A) . In MDMs, the inability of both Vpx mnd-2 and Vpx rcm to increase HIV-1*GFP infection ( Fig. 2H ) and dNTP levels ( We next asked whether the Vpx protein from SIVmac239 exclusively harbors the activity for enhancing early steps of HIV-1 infection of resting CD4 T cells dependent on SAMHD1 degradation and dNTP elevation or, potentially, also carries a Vpx rcm/mnd-2-like activity of additionally enhancing infection of resting CD4 T cells in the absence of SAMHD1 degradation. Therefore, we generated a panel of Vpx mac239 point mutants with a focus on residues that are conserved among Vpx proteins of the two lentiviral lineages and are thought to be involved in binding to SAMHD1 (L25) or zinc (H39 and H82) or fail to target SAMHD1 for degradation for unknown reasons (W56) (27) (28) (29) (30) (Fig. S5A) . Following virion packaging, these mutants were characterized for their capacity to enhance X4 HIV-1*GFP infection, degrade SAMHD1, and elevate dNTPs in resting CD4 T cells. A number of mutants retained the ability of Vpx mac239 WT to deplete SAMHD1 and these proteins also enhanced infection (Fig. S5B) . Remarkably, several Vpx mac239 mutants, including L25A, H39A, W56A, and H82A, boosted resting CD4 T-cell infection in the absence of SAMHD1 degradation ( levels (Fig. 4C) , but strongly boosted levels of RT products and 2-LTR circles (Fig. 4D) . Consistent with the cell-type specificity of HIV-1's postentry restriction and Vpx antagonism, all Vpx mac239 mutants that failed to degrade SAMHD1 were unable to facilitate MDM infection (Figs. S5B and S6). Single amino acid replacements in Vpx mac239 that prevented functional interactions with SAMHD1 thus resulted in accessory proteins that phenocopied the infection-enhancing ability of Vpx mnd-2 and Vpx rcm. Introducing analogous mutations to the DCAF interaction disrupting Q76A of Vpx mac239 into Vpx mnd-2 (H72A) or Vpx rcm (Q75A) abrogated their ability to enhance infection of resting CD4 T cells (Fig. S7) , indicating that interactions with the proteasomal degradation machinery are critical for this activity. This finding reveals that enhancement of early reverse transcription in noncycling CD4 T cells by a mechanism that is independent of SAMHD1 depletion or elevation of cellular dNTP pools is, in principle, a conserved activity of Vpx proteins from both Vpx + lentiviral lineages and likely involves degradation of Vpx targets distinct from SAMHD1.
Finally, we wanted to determine whether HIV-1 susceptibility of resting CD4 T cells could be further increased by virionpackaging of Vpx in the complete absence of SAMHD1. To this end, we had the opportunity to analyze resting CD4 T cells with a nonsense mutation in SAMHD1 obtained from one patient with Aicardi-Goutières syndrome (AGS) (11, 28) . Consistent with our previous report (11), CD25 -
CD69
-CD3 + CD4 + T cells from this donor were intrinsically more permissive for X4 HIV-1*GFP infection compared with resting CD4 T cells from healthy donors (Fig. 4 E and F) , underscoring the relevance of SAMHD1 in this process. Incorporation of Vpx mac239 WT increased HIV-1 infection of noncycling CD4 T cells from healthy donors by 159-fold, but, importantly, Vpx also boosted infection of SAMHD1-deficient AGS cells by 11-fold (Fig. 4 E and F) . Due to highly limited fresh cell samples available and the low survival rate of previously cryopreserved resting CD4 T cells from patients with AGS, Vpx rcm/mnd-2 could, unfortunately, not be analyzed in this experiment and cells from additional donors were not accessible. These results provide direct evidence that Vpx can target a SAMHD1-independent restriction in resting CD4 T cells.
Discussion
Our functional analysis of virion-packaged Vpx proteins from the two Vpx-carrying lineages of lentiviruses provided insight into the cell-type specificity and mode of action of postentry restrictions for HIV-1 in resting CD4 T cells and macrophages. Consistent with previous reports (2, 3, 8, 13) only Vpx alleles with SAMHD1-degrading activity were capable of enhancing HIV-1 infection in macrophages and this strictly correlated with an elevation of intracellular dNTP levels. In contrast to Vpx from SIVmac239, the accessory proteins from the Vpx rcm/mnd-2 lineage that cannot degrade human SAMHD1 (31, 32) and that do not affect dNTP pools, failed to increase HIV-1 infection in this cell type.
In resting CD4 T cells, surprisingly, Vpx mnd-2 and Vpx rcm overcame a postentry restriction for HIV-1 at the level of reverse transcription characterized by a drastic increase of RT products in the absence of SAMHD1 degradation, dNTP pool elevation, or changes in SAMHD1 phosphorylation. Importantly, virionpackaged Vpx also boosted HIV-1 infection of resting CD4 T cells from a patient with AGS who does not express SAMHD1 (11, 28) . This finding strongly suggests that lentiviral Vpx proteins can antagonize a second, SAMHD1-independent cellular restriction, we refer to as "RT block 2," that acts at the level of early reverse transcription in a dNTP-independent fashion in noncycling CD4 T cells (Fig. S8 A-C) .
Surmounting either of these cellular postentry barriers in resting CD4 T cells, through either degrading Vpx variants by targeting SAMHD1-or non-SAMHD1-degrading Vpx variants by targeting RT block 2, resulted in a marked increase of early HIV-1 RT products. Notably, SAMHD1 degradation by Vpx from SIVmac239 was associated with a significantly milder increase in HIV-1 RT products (∼14-fold) over control infections than antagonism of RT block 2 by non-SAMHD1-degrading Vpx proteins (>1,000-fold increase). This quantitative difference together with the observation that single amino acid changes can transform Vpx mac239 into a non-SAMHD1-degrading, putative antagonist of RT block 2 indicates that individual Vpx proteins probably cannot, or only with low efficacy simultaneously or sequentially, antagonize both restrictions. SAMHD1-bindingcompetent, virion-packaged Vpx may, following HIV entry, first encounter and degrade SAMHD1 and thus typically not be available for interaction with RT block 2. In line with this scenario, the Vpx mac239 mutants that phenocopy Vpx rcm/mnd-2 are expected to lack functional interactions with SAMHD1, which may render them available for antagonism of RT block 2 (Fig. S8B) .
Whereas the identity of RT block 2 remains unknown, our results allow us to speculate about its characteristics. Vpx resides within the incoming core and is expected to get access to the host cell cytoplasm only after at least partial uncoating has occurred (33) . HIV-1 core stability is intrinsically coupled to the efficiency of RT and the timing and subcellular localization at which uncoating occurs likely determines the accessibility of inner core components for cellular factors. The tempospatial regulation of these events in reporter cell lines and myeloid cells is currently intensely debated (34, 35) , and even less information is available about these processes in resting CD4 T cells. Our results are consistent with a model in which partial uncoating of HIV-1 cores allows, on the one hand, Vpx to interact with cytoplasmic cellular factors and, on the other hand, restriction factors to access RT complexes to directly inhibit early HIV-1 RT or degrade HIV RNA and early RT products. The apparent cell-type-specific difference in the capacity of Vpx variants for antagonism of RT block 2 may reflect differences in expression of this cellular factor or in the local milieu at which uncoating occurs in resting CD4 T cells and myeloid cells. Because SAMHD1-nondegrading Vpx proteins depend on residues predicted to couple them to the proteasome machinery, antagonism of RT block 2 likely also involves targeted degradation of this cellular factor. The apparent conservation of antagonism of RT block 2 among both Vpx + lentiviral lineages argues for a high physiological relevance of this barrier.
The current findings challenge the dogma that restriction of HIV RT and Vpx antagonism thereof are exclusively accomplished through a modulation of cellular dNTP concentrations and allow a refined, cell-type-specific assessment: Both the infection enhancement of SAMHD1-degrading Vpx proteins and exogenous dN treatment point to a pivotal regulatory role of dNTP levels in macrophages (20-40 nM) (reviewed in ref. 36 ) for HIV-1 restriction. In noncycling CD4 T cells, in which dNTP concentrations are naturally ∼10-to 100-fold higher (300-5,000 nM) (36), Vpx can, however, boost infection in the absence of dNTP elevation to levels that are not further elevated by addition of exogenous dNs. The concentrations of the RT substrates are thus not restrictive but rather rate limiting; a further increase of available dNTPs by dN treatment, SAMHD1-degrading Vpx proteins, or T-cell activation enhances infection.
The quantitative analysis of consecutive steps of the HIV replication cycle in resting CD4 T cells in the presence of Vpx variants that target either SAMHD1 or RT block 2 allowed us to describe another potent restriction. Both levels of episomal 2-LTR circles and early gene expression were comparable for the two mechanistically distinct types of Vpx proteins, despite impressive differences in absolute levels of early to late RT products (ratio 2-LTR circles per total HIV-1 cDNA: 0.304 for Vpx mac239, 0.000018 for Vpx mnd-2, and 0.00048 for Vpx rcm). This finding suggests a potent, rate-limiting barrier to nuclear import of the preintegration complex in resting CD4 T cells that is not easily titratable and that we tentatively refer to as "nuclear import block 1" (NI block 1) (Fig. S8) . The relatively milder impact of this barrier on particles that degrade SAMHD1 lets us hypothesize that distinct transport pathways may exist downstream of RT blocks 1 and 2. In this scenario, events subsequent to overcoming the SAMHD1 barrier may be less prone to inhibition by NI block 1, which may represent one reason why degradation of SAMHD1 is selected in evolution. Our study reveals a thus far unrecognized complexity and target cell specificity of lentiviral Vpx proteins in their ability to overcome early-postentry restrictions of HIV infection. Assessing these Vpx activities in the natural viral context and in target cells of the natural host as well as identifying the cellular factors responsible for RT block 2 and NI block 1 in resting CD4 T cells represent important goals of future studies aiming at dissecting the molecular events that regulate the postentry susceptibility of this major target cell population.
Materials and Methods
The generation of the infectious HIV-1*GFP proviral clone was previously described (11) . The following Vpx expression constructs were used: pcDNA3.1, Vpx SIVmac239-myc (WT and Q76A) (37), pcDNA3.1-flag Vpx SIVmnd-2 (20) , and pcDNA3.1-flag Vpx SIVrcm (20) . SIVmac239 alanine mutants and the Q76A-analogous mutants of SIVmnd-2 (H72A) and SIVrcm (Q75A) were generated by site-directed mutagenesis. pDisplay-YFP was a gift from Barbara Müller, Department of Infectious Diseases, University Hospital Heidelberg, Heidelberg, Germany.
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Baldauf et al. 10 .1073/pnas.1613635114 SI Materials and Methods Cells and Reagents. Peripheral blood mononuclear cells (PBMCs) from healthy blood donors were purified by Ficoll-Hypaque gradient centrifugation (11) . Resting CD4 T cells were isolated from PBMCs by negative selection with the RosetteSep Human CD4 T Cells Enrichment Mixture (StemCell Technologies). Resting CD4 T cells were cultured at a density of 2 × 10 6 cells/mL in RPMI-1640 medium (Gibco) supplemented with 10% (vol/vol) heat-inactivated FCS, glutamine (2 mM), and antibiotics (100 units/mL penicillin, 100 mg/mL streptomycin). For T-cell activation, phytohemagglutinin-P (PHA-P) (5 μg/mL) (SigmaAldrich) was added to the culture medium for 2-3 days together with 100 IU/mL IL2 (Biomol). Monocyte-derived macrophages were isolated from PBMCs by negative selection with Monocyte Isolation Kit II (Miltenyi Biotec) and separated by the autoMACS Pro Separator. Monocytes were differentiated in coated 24-well plates (Greiner) containing DMEM (Gibco) supplemented with 10% (vol/vol) heat-inactivated FCS, glutamine (2 mM), antibiotics (100 units/mL penicillin, 100 mg/mL streptomycin), and 10% (vol/vol) human AB-serum (Sigma-Aldrich). The human cell lines THP-1 and 293T were cultivated as reported (28) . The following fluorochromeconjugated antibodies were used: anti-human CD25 (clone M-A251) and anti-human CD69 (clone FN50) (both from BD Pharmingen). Additional antibodies were: sheep anti-p24 capsid (kindly provided by Barbara Müller), rabbit anti-SAMHD1 (Proteintech), mouse anti-YFP (Sigma-Aldrich), mouse anti-myc (Santa Cruz Biotechnology), mouse anti-Flag (Sigma-Aldrich), and phospho-SAMHD1 T592 (23) . Efavirenz (Bristol-Myers Squibb) was used as described (38) .
Virus Production. Sucrose cushion purified HIV-1 virus stocks were produced as previously described (11) . HIV-1*GFP virus stocks, which allow incorporation of Vpx, were produced by cotransfection of the proviral HIV-1*GFP DNA and the indicated Vpx expression constructs (10) . The infectious titer was determined in a standardized TZM-bl infectivity assay (39) , and the amount of physical particles determined by quantification of virion-associated RT activity (SG-PERT) (40) and/or by p24 ELISA (39).
HIV-1 Infection. Resting primary CD4 T cells were infected with identical infectious units, determined on TZM-bl cells, of HIV-1*GFP ± Vpx using spin infection for 90 min at 20 × g at room temperature. The medium was exchanged 4-6 h p.i. Primary monocyte-derived macrophages were infected overnight with identical infectious units of VSV-G pseudotyped HIV-1*GFP ± Vpx.
Flow Cytometry. For fixation and antibody staining, infected CD4 T cells and detached primary monocyte-derived macrophages were fixed for 90 min at room temperature with BD Cytofix Fixation Buffer and permeabilized in BD Phosflow Perm Buffer III for 2 min at 4°C in the dark. After two washes in PBS/1% FCS/0.09% sodium azide, cells were stained with the rabbit anti-SAMHD1 antiserum followed by a goat anti-rabbit Alexa 660 antibody. A FACSCalibur flow cytometer and FACSVerse flow cytometer and FlowJo software (TreeStar) were used for analyses. For CD25/69 staining, anti-CD25 and CD69-PE antibodies were added 1:40 at the same incubation step as the primary SAMHD1 antibody. Staining with CellTrace Far Red DDAO-SE (Invitrogen) and BrdU (BrdU Cell Proliferation Assay Kit, BD Pharmingen) were performed according to the manufacturer's protocol.
Analysis of SAMHD1 Levels by Western Blotting. Resting CD4 T cells were nucleofected (Amaxa) with expression plasmids for Vpx as well as Display-YFP and YFP-expressing cells isolated and analyzed by Western blotting as described (11) . For the analysis of the overall SAMHD1 phosphorylation pattern, lysates of YFP + cells were subjected to SDS/PAGE on phos-tag acrylamide (Wako Chemicals) gels according to the manufacturer's instructions.
PCR Analyses. TaqMan-based quantification of HIV-1 2-LTR circles in DNA extracts from infected resting CD4 T cells and primary monocyte-derived macrophages was performed as described (38) . The following quantitative PCRs were designed and validated based on the primer regions chosen by Zack et al. (6) . Quantification of U3 region: forward primer M665 (5′-TGT TAC ACC CTA TGA GCC AGC AT-3′), reverse primer M666 (5′-AGG CCA CAC CTC CCT GGA-3′), and fluorescent-labeled probe M665 (FAM-AGA GCT GCA TCC GGA GTA CTA CAA AGA CTG CT-TAMRA). Cycling conditions for U3 were: 50°C 2 min, 95°C 10 min, 40 cycles with a denaturation step at 95°C for 15 s, and annealing and elongation step at 62°C for 1 min. Quantification of RU5 region is as follows: forward primer M667 (5′-CTA ACT AGG GAA CCC ACT GCT TAA-3′), reverse primer AA55 (5′-TGC TAG AGA TTT TCC ACA CTG ACT AA-3′), and fluorescent-labeled probe M667 (FAM-TTG AGT GCT CAA AGT AGT GTG TGC CCG TCT GTT-TAMRA). Cycling conditions were similar to RU5-gag (11) . Quantification of RU5-PBS region is as follows: forward primer M667, reverse primer BB301 (5′-TTT CGC TTT CAA GTC CCT GTT-3′), and FAM-labeled probe M667. Cycling conditions for RU5-PBS were as follows: 50°C 2 min, 95°C 10 min, 40 cycles with a denaturation step at 95°C for 15 s, annealing step at 50°C for 30 s and elongation step at 72°C for 1 min. Data acquisition was performed at the elongation step. Quantification of RU5-gag was as follows: forward primer M667, reverse primer M661 (5′-TCG AGA GAT CTC CTC TGG CTT-3′), and FAMlabeled probe M667. Cycling conditions were already described (11) . Quantification of gag is as follows: forward primer LA8 (5′-CAG GAC TCG GCT TGC TGA A-3′), reverse primer LA9 (5′-CTC GCA CCC ATC TCT CTC CTT-3′), and fluorescentlabeled probe LA8 (FAM-TCC GCT AGT CAA AAT TTT TGG CGT ACT CAC-TAMRA). Cycling conditions were default settings with an annealing and elongation step at 60°C. Quantification of tat/rev was as follows: forward primer LA45 (5′-GAC AAA AGC CTT AGG CAT CTC CTA T-3′ ), reverse primer LA64 (5′-ATA GGT TGC ATT ACA TGT ACT ACT TAC TGC T-3′), and fluorescent-labeled probe LA45 (FAM-TGA TGA GTC TGA CTG TTC TGA TGA GCT CTT CGT-TAMRA). Cycling conditions were default settings with an annealing and elongation step at 60°C. RNAseP quantification served as endogenous control. To account for residual plasmid DNA contaminations in virus preparations and to quantify only de novo synthesized HIV-1 cDNA, cells were treated with the RT inhibitor efavirenz, infected and measured in parallel. Data sets presented in Figs. 2 and 4 show normalized values, where input DNA contamination accounted for at maximum 30% of the absolute signal, and these values were subtracted from the values of cells in the absence of inhibitor.
dNTP Assay. dNTPs from primary cells were extracted and quantified using the protocol previously described by Diamond et al. (41) . Briefly, this assay uses a 5′ P 32 radiolabeled 23-mer primer annealed to one of four distinct 24-mer templates. The single nucleotide overhang on the 24-mer template (A, C, G, or T) determines the dNTP to be measured upon the dNTP incorporation. The template/primer was incubated with extracted cellular dNTPs and purified HIV-1 RT for 5 min at 37°C and then quenched with 40 mM EDTA and 99% (vol/vol) formamide at 95°C for 2 min. The reactions were resolved on a 20% (wt/vol) urea-PAGE gel (American Bio Sequel NE reagent) and imaged using Pharos FX molecular imager (Bio-Rad Laboratories). The increase in radiolabeled 24-mer product indicates that the dNTP specific for the template has been incorporated, and the primer extension amounts were used to measure the dNTP levels in the samples. In the presence of SAMHD1 and RT block 2, SAMHD1 is the preferred target of SIVmac239 Vpx WT, but in the absence of SAMHD1, RT block 2 is targeted. SAMHD1 degradation-deficient mutants of SIVmac239 Vpx target RT block 2 similarly to SIVmnd-2 and SIVrcm Vpx through a mechanism that likely involves proteasomal degradation. (C) SIVmnd-2 and SIVrcm Vpx are unable to target SAMHD1 for degradation but apparently overcome the major restriction at the level of reverse transcription by targeting RT block 2. Despite highly efficient reverse transcription, levels of 2-LTR circles are similar to those observed with SIVmac239 Vpx, indicating that also under these conditions, nuclear import is restricted by NI block 1.
Vpx
- - + - - Vpx Q76A mac239 - - n.d. n.d. - SIVrcm TMDYKDHDGDYKDHDIDYKDDDDKG--AAAMAEGRERVPEAPT---GAGDV-EFAPXLHR 54 SIVmnd-2 TMDYKDHDGDYKDHDIDYKDDDDKG--AAAMA---ERAPEAPE---GAGEV-GLEQWLET 51 SIVmac ------------------------------MSDPRERIPPGNS---GEETIGEAFEWLNR 27 HIVgh1 ------------------------------MTDPRERVPPGNS---SIVrcm SGCSQR-HGQGQ-AREAGERIQI-----------------LPGM-LES-139 SIVmnd-2 QGCPCR-NGRPR-GPPP------------------------PGMALESR 131
